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Abstract

In the face of growing clean energy needs and strengthened environmental regulations,
Lithium ion batteries (LIBs) are spotlighted as the sustainable energy alternatives. Recently, with
growing interest in electric vehicles and energy storage systems, large scale batteries are focused. For
these large scale applications of LIBs, many researchers have attempted to develop the cathode
material with high thermal stability, excellent cycling retention, low cost, high power and energy

density.

The mostly used cathode materials in the early commercialized EVs are the low portion of Ni-
rich layered and the high portion of cation-doped spinel material composite. The reason why the
spinel is more proper is that it has many advantages of low cost, abundance, nontoxicity and good
thermal stability, which is suitable for requirement of EVs. However, it also has serious problem of
manganese dissolution in elevated temperatures. Thus, the portion of Ni-rich layered material (170
mAh g) is raised to increase driving range recently. However, the changing composition of cathode
materials causes increasing battery cost resulting in the hindrance of widely commercializing EVs
because the price of Ni-rich materials is approximately 3 times higher than that of spinel material.
Therefore, the spinel cathode material toward high stability and capacity (>120 mAh g™) should be

developed.

In this paper, we tried to develop high capacity and high stability spinel material for EVs. We
synthesized Al doped spinel as bare and optimized it for the best cycling performance. The discharge
capacity of this optimized bare was 125.4mAhg™ and the cycling retention after 100cycles at 60 °C
was 82.2% of its initial capacity. And then we proceed with coating and doping simultaneously. The
coating layer can protect the surface of bare from being directly exposed to the HF in electrolyte and
suppress the dissolution of Mn ions. Also fluorine is doped into vacant oxygen site on the surface for
structural stability. Accordingly, the cycle performance at elevated temperature is significantly

improved. This coated LiMn,O, exhibited a discharge capacity of 120.1 mAh g™ and retained 94% of

its initial capacity at 60°C after 100 cycles.
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I . Introduction

1.1 Lithium-ion batteries

In the face of growing clean energy needs and strengthened environmental regulations,
Lithium ion batteries (LIBs) are spotlighted as the sustainable energy alternatives. Energy storage
technology is more significant than before. As shown in figure 1, the world’s energy need is being
increased. In the past, small sized LIBs for portable electronic devices such as mobile phones and
laptop computers are usually used. But these days with growing interest in electric vehicles and
energy storage systems, medium and large scale batteries are focused. Therefore many researchers
have attempted to develop the cathode material with high thermal stability, excellent cycling retention,

low cost, high power and energy density.
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Figure 1. Past, present and forecast of the world's energy needs up to 2050 *.

Recently the research of large scale LIBs is mainly in progress and it receives much attention
from the specific commercial fields such as electric vehicles (EVs), Hybrid electric vehicles (HEVS)
and energy storage systems (ESSs). LIBs are high energy/power density, stable cyclability, safety,

reasonable price and no memory effect. (figure2)
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Figure 2. Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density 2.



1.2 Spinel LiMn,0O,

Many cathode materials have been extensively developed such as layered (LiMO,, M=Co, Al,
Mn and Ni etc.), spinel (LiMn,O,4) and olivine(LiMPO,, M=Fe, Mn and Co etc.) cathode materials
since the lithium ion batteries were launched in commercial markets'*. Among them, LiCoO, (LCO)
having layered structure is the most popular cathode material and practically used in the batteries for
mobile devices, because of its advantages of high energy density, lower side reactions on surface and
stable cycling performance at room temperature. However, it also suffers from high cost and safety
issues, therefore, the LCO is unqualified for large scale batteries to be used for EVs due to the above

reasons.

The mostly used cathode materials in the early commercialized EVs are the low portion of Ni-
rich layered and the high portion of cation-doped spinel material composite. The reason of why the
spinel is more proper is that it has many advantages of low cost, abundance, nontoxicity and good
thermal stability, which is suitable for requirement of EVs. However, it also has serious problem of
manganese dissolution in elevated temperatures. To solve this issue, the cations such as Mg, Al, Li, Ni
and so on are doped in spinel structure leading to increasing stability, but decreasing specific capacity
around 105 mAh g*. Thus, the portion of Ni-rich layered material (170 mAh g) is raised to increase
driving range recently. However, the changing composition of cathode materials causes increasing
battery cost resulting in the hindrance of widely commercializing EVs because the price of Ni-rich
materials is approximately 3 times higher than that of spinel material. Therefore, the spinel cathode

material toward high stability and capacity (>120 mAh g™) should be developed.

Due to EVs, large scaled LIBs are new trend. The development of cathode materials for EV's
has emerged. In the recent year, a spinel lithium manganese oxide (LiMn,O,4) has taken center stage as
the most promising cathode material for high power LIBs because of its low cost, abundance,
nontoxicity, good thermal stability, high operating voltage and excellent rate capability. The trend of
cathode materials used in LIBs is displayed in figure 3. The amount of spinel lithium manganese

oxide (LiMn,O,) used in LIBs is gradually increased.



{Unit : ton)

100,000
80,000
¥ FPO
60,000
! B IMO
40,000 = ! - NCA
— [ | NCM
20,000 — : : : ®|ICO

2009 2010 2011 2012 2013 2014 2015

Figure 3. Trend of cathode materials used in LIBs °.



1.2.1 Spinel structure

The structural features of the spinel largely influence the electrochemical performances.
Figure 4 shows the crystal structure of cubic spinel LiMn,O, (space group : Fd-3m). Oxygen are
stacked by FCC(Face Centered Cubic). The Oxygen ions present on the 32e site. 32 octahedral and 64
tetrahedral interstices exist between the anions in the cubic unit cell. Mn ions are coordinated with
oxygen ions. 3-D network is formed sharing MnOs-octahedra (16d sites) and Li ions are located in the
tetrahedral sites. So, Li and Mn ions occupy 1/8 of the tetrahedral sites and 1/2 of the octahedral sites

respectively. Some tetrahedral sites called 8b and octahedral sites called 16¢ are vacant. *°

@ Lithium 834

tetrahedral sies

@ Manganese 164
octahedral sites

. Chewgen 32 sites

Vacancy Hh
tetrahedral sites

0.EX% mm

i

@ Vacancy léc
octahedral sites

Figure 4. Schematic of atomic structure of spinel °.



1.2.2 Advantages of spinel

Spinel LiMn,0, (LMO) is a very promising material for LIBs because its low cost, abundance,

nontoxicity, good thermal stability, high operating voltage and excellent rate capability.

There are occupied tetrahedral sites (8a) and unoccupied octahedral sites (16c) in M,O,
framework. These form diamond-like 3D tunnel for lithium ions. As shown in figure 5, during
electrochemical reaction, the Li ions diffuse by hopping along the 3D diffusion pathway of 8a-16¢-8a-
16¢-8a- mechanism in LiMn,0, spinel™. This 3D diffusion pathway in spinel leads to delivering fast
lithium ion insertion/extraction. Due to its many advantages, spinel LiMn,0O, (LMO) is spotlighted as

the cathode material for largescale batteries.

The average oxidation state of Mn ions in LiMn,O, is +3.5. Extraction/ insertion of lithium
ions occur from/into the A-Mn,O, host lattice. A reversible Mn®*" /Mn*" redox reaction is occurred
simultaneously. Spinel LiMn,0, has a theoretical capacity value of 148mAh/g in voltage range from
3.0V to 4.3V. The Extraction/insertion reaction of the lithium manganese oxide occurs shown in

below reactions
Extraction : LiMn,0O, — Li;., Mn,O, + XLi" + xe’

insertion : Li; Mn,O, + XLi* + xe*— LiMn,0O,
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Figure 5. Li diffusion path in spinel LiMn,0, ™.

1.2.3 Causes of capacity fading at the elevated temperature

Though Spinel LiMn,O, (LMO) is very promising cathode material for LIBs, it still has some
disadvantages for application. One of these disadvantages is the severe capacity fading upon extended

electrochemical cycling, especially at high temperature (>60C). Such a problem is caused by several

reasons.
(1) Mn*" dissolution into the electrolyte *°
(2) Oxygen deficient LiMn,0, "%

(3) Jahn-Teller distortion of Mn®*, *¢



1.2.3-1 Mn*" dissolution
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Figure 6. Mechanisms of Mn** dissolution *,

Mn dissolution is one of the main reasons causing capacity fading of LiMn,O, at elevated

temperature. The Mn dissolution reactions are as shown in figure 6. Two possible Mn®** dissolution

mechanisms(ZMn3+so.id — Mn* g + Mn2+so|uﬁon) have been proposed in figure 6. It is suggested

thatthat surface water molecules (Mn—OH) react with LiPFg by a cation exchange reaction and HF

molecules are formed according to a series of reactions *°.

LiPFs <> LiF(s) + PFs
PFs + H;0 < POF; + 2HF
POF; + H,0 <> PO,F,H + HF
PO,F,H + H,0 < POsFH, + HF

POgFHQ + HzO > PO4H3 + HF
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H" ions in HF produce MnO and MnO; according to 2LiMn,0O, + 4H" — 3MnO, + MnO +
Li,O + 2H,0 . Also the Mn dissolution can be chemically occured by HF attack **. Formation of

MnO, and MnF, occurs according to the following reaction on the surface of cathode and anode

electrode® 2.

2LiMn,04 + 4H" + 4F — 3MnO, + MnF, + 2LiF + 2H,0

At elevated temperature, PFg ions are likely to reduce to PFs, and therefore Mn*" ions are
more likely to reduce to Mn**, as follows #*:

L|PF6 — PF;+e

Mn** + e  — Mn*

This is the reason why Mn dissolution is accelerated at high temperatures® and Mn** ions are
triggered in the form of MnO and MnF, on the cathode electrode surface ** %. Furthermore, Mn ions
move to anode electrode and are deposited on the anode surface. As shown in figure 7, the irreversible
Li ion loss by Mn reduction is occurred on the surface of anode electrode. Therefore Mn dissolution
leads to increase the resistance of the cell as well as to raise irreversible extraction of Li ions ***. Mn**
ions are easily reduced on the surface of graphite electrode because the redox potential of Mn/Mn** is
much higher than that of graphite . Therefore Mn dissolution generates the harmful effect to cycling

performance of the spinel LiMn,0,.
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Figure 7. Schematic presentation the irreversible Li ion loss by Mn reduction at anode surface °.
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1.2.3-2 Oxygen deficiency

Deficient
Oxygen

MnO, MnO,

Figure 8. Structure of oxygen-deficient spinel .

Oxygen deficiency plays important role in the stability of spinel cathode material. In the cubic
spinel LiMn,0O,, the oxygen deficiency can be easily formed by the synthesis at high temperatures ,
and the charge and discharge properties are considerably affected by the oxygen deficiency in the
spinel structure %° .

Oxygen deficiency leads to the structure instability. This could be responsible for the
capacity fading during Li" ion intercalation/deintercalation process at room and high temperature **,
Kanno at al reported that the oxygen deficiency damaged the spinel structure In this paper, and it
occurs that some interstitial oxygen resides in vacant 8b site with oxygen vacancy at 32e, which could
lead to interrupt  Li diffusion °.

10



As shown in figure 8, the oxygen deficient spinel is schematically described. 1mol oxygen vacancy
has influence on 12mol Mn atoms. Due to three sets of MnOs-(MnQOg)s, one oxygen defect makes
three Mn ions coordinated with five oxygen (MnOs). Oxygen deficiency contributes to
electrochemical voltage profile of spinel. As shown in the figure 9, it can be observed through

additional discharge plateau at 3.0V and 4.5V".
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Figure 9. Charge/discharge curve of Li1 002MN1 60803.081 -

Ikuhara et al. have revealed oxygen deficiencies in LiMn,O, spinel. As shown in figure 10,
the decrease in magnitude of the first peak corresponds to greater filling of the Mn 3d orbital, which
indicates less oxygen in the coordination shell of Mn % . The second peak of the O-K edge around
548 eV also changed. Such differences in O-K ELNES peaks are known to be related to changes in

the arrangement of anions around the central Mn atoms®®. These are the evidences of presence of
oxygen vacancies. There are more oxygen vacancies at the surface than the core of LiMn,O,4. The

Oxygen deficiency of LiMn,O, spinel can be improved by metal doping or synthesizing under

pressured O, atmosphere *'* %,

11
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Figure 10. (a) TEM image of LiMn204 particles. (b) STEM image of the edge of a typical LiMn204
particle. The arrow indicates the region of the EELS line scan. (c) Integrated intensity of the Mn-
L2,3, O-K, Mn-M2,3 and Li-K edges. (d) ELNES of Mn-M2,3 and Li-K showing the difference in Li
concentration between the center and surface regions, as well as the chemical shift of Mn-M2,3. (e)
ELNES of O-K edge showing the differences in pre-peak height and main peak position between the
center and surface regions. (f) ELNES of the Mn-L2,3 edge showing a chemical shift from the center
to the surface region **
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1.2.3-3 Jahn-Teller distortion
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Figure 11. Upper panel: crystal-field splitting of five-fold degenerate atomic 3d levels into
lower ty (triply degenerate) and higher e4(doubly degenerate) levels. Jahn-Teller distortion of
MnOG 12.

More lithium ions can insert into the octahedral 16¢ sites of Spinel LiMn,O,4 Therefore, a
theoretical capacity of LiMn,O, increased up to 300mAh/g. It shows two different voltage regions
(2.8V, 4V vs. Li*/Li" and the average oxidation state of Mn ion changes from +3.5 to +3 when the
lithium sites are fully occupied (Li,Mn,O,). However, additional lithium ions in the spinel LiMn,0O,
cause a serious structural changes resulting from Jahn-Teller distortion because of the raised portion
of Mn*". The d-electron configuration of the coordinated Mn*" ions causes Jahn-Teller distortion in
the spinel structure (Figurel1l) *2. Splitting of the 3d-electron energy levels induced by jahn-Teller
distortion leads to anisotropically dimensional changes. In the case of Spinel LiMn,O,, length of

metal-ligand bond is extended along the c-axis by 12% and is shrunk along the a-axis by 3% resulting

13



in5.6% expansion in unit cell volume *.

By these reasons, as Li ions are inserted/extracted into/from the structure of LiMn,0O,, crystal
structure changes from the cubic spinel (space group: Fd—3m) to the tetragonal spinel (space group :
14,/amd). These two phases coexist rather than a solid solution in figure12 region III *® . It leads to a

severe capacity fading in the 3V region %. Accordingly, due to the problems above, only 4V region

can be available.
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Figure 12. Open circuit voltage of Li,Mn,0, as a function of x ; (I ) cubic LiMn,O, and cubic
Mn,0,, (1) cubic Li,Mn,0, and (III) tetragonal Li,Mn,0,4 and cubic LiMn,O, *°
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1.2.4 Strategies to improve the cycling performance

Cycling performance is very important characteristic for batteries. The cycle life of the cells
was affected by the structural stability as well as the stability of electrode-electrolyte interfaces.
Especially, cycling performance at elevated temperature is crucial because most of cathode materials
are unstable at elevated temperature because the formations of HF and side reaction on the surface are
accelerated. Thus, the significant capacity fading is observed during cycling. There are several
strategies to improve the cycling retention at elevated temperature. The poor cycling retention at
elevated temperature can be improved by cationic substitution, anionic substitution and surface

treatment on LiMn,0,.

In case of the cation substitution, cations (Li, Co, Mn, Ni, Al, Zn, etc.) are occupied into Mn
16d sites, and the valence state of Mn increases above 3.5. As a positive effect, Jahn-Teller distortion
has decreased. Consequently, tetragonal phase transition (Jahn-Teller distortion) is suppressed because
the amount of Mn®" decreases. Also, the amount of dissolved Mn?" produced by disproportional
reaction is reduced., As shown in figurel3, there is remarkable progress in the cycle performance of
LiM,Mn,.,0, (M=Li, Co, Mn, Ni, Al and Zn etc).

a0k —CO—LiAl Mn, 0, 3
== LIl Mn 0,

—C—LIAl Mn,,0,

20 —g—LiAj Mn,,0, E F  —o—Liain 0,
i Liii L L 1 1: 0 L i i I I
Do 10 20 cli] 40 50 0 10 20 30 40 50
Cycle Number Cycle Number

Figurel3. Specific discharge capacities vs. cycle number of LiAlMn,O, electrodes cycled
between 3.4 and 4.3 Vv (8) 25 and (b) 45°C &,
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However, cationic substitution also has a problem of decreasing a capacity with increasing

dopant content because the capacity is proportional to the amount of Mn** .

For these reasons, researchers have studied anionic substation in oxygen 32e sites. Jiang et al.
reported that the initial discharge capacity of Li; gsMny g503.95F005 Was increased to 128 mAh g’l, and
the capacity degradation during cycling was suppressed by the co-doping of Li and F*!. Further the
doping in spinel LiMn,O,with ClI improved cycling performance due to stronger Mn-Cl bonds than
Mn-O bonds*. However, with increasing dopant content anionic substitution also has a disadvantage
due to increased Jahn-Teller active Mn**. During cycling at elevated temperatures, the side reactions
on the surface such as Mn dissolution and the electrolyte decomposition occurred more significantly®.

Thus, the amount of dopant ions should be small to reduce disadvantages of doping strategies.
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As another solution to hinder Mn dissolution at elevated temperature, the surface coating is
intensively studied of the metal oxides such as Al,0; *, AIPO, ** , SiO, *, FeO; ¥, ZnO * and MgO
% etc. have been used to suppress the Mn dissolution and undesirable side reactions. The coating layer
protects the surface of LiMn,O, from being directly exposed to the highly active electrolyte. However,
the thick coating layer acts as a resistive layer which interrupt the Li ion diffusion and electron

conduction because it is electrochemically inactive metal compounds **. The electrochemically active

43 44 45
L

lithium metal oxides can be a coating material such asLiCoO, * ** 2, LiNigsMngs0, and

LiNiysC00,0, “°. As these materials are more stable in the electrolyte than LiMn,0Oy,, the coating layer
prevented the direct contact between LiMn,O4and electrolyte 2 As a result, the electrode materials
are better candidate for coating materials (figure 14). However, it should be considered that the
oxygen array of host material should be the same to that of coating material to reduce interfacial

resistance.
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Figure 14. Cycling performance data of (a) LiMn,O, , (b) LiCogsNigs0,-modified LiMn,0,, (c)
LiCoO,- modified LiMn,O,4, (d) Lip75C00,- modified LiMn,O, , and (e) Al,Os- modified

LiMn,O, at a current density of 0.5mA/cm?(C/2 rate) at 60°C °.
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Recently, our group reported the research results to improve cycling retention of spinel
material with high capacity (>120 mAh/g) at elevated temperature. The epitaxial relationship between
layered material (R—3m) and spinel material (Fd—3m) prevented from increasing the interfacial
resistance. This epitaxially grown layered surface enhanced the cycle life retention and thermal
stability at the elevated temperature (60°C) **. And by double coating of highly doped spinel on
LiMn,O,4, the formation of hierarchical structures; Cubic spinel, tetragonal spinel, and monoclinic
layered LiMnO,was made on the surface. The changes in the surface microstructure can reduce the
activation barrier for lithium-ion diffusion *®. Then our group researched about the surface Mn
oxidation state, which is controlled by coated with cobalt-substituted spinel *°. By controlling the
oxidation state of active transition metal ions, the electronic conductivity and lithium diffusion
coefficient are improved. It leads to high rate capability and cycling retention at 60 C. However these

above materials are insufficient for the batteries for EVs.

Therefore in this paper, we tried to develop high capacity and high thermal stability spinel
material for EVSs. We made Al doped spinel as bare and then optimize it for best cycling performance
at elevated temperature. And then we proceed with coating and doping simultaneously. The coating
layer can protect the surface of bare from directly exposing to the HF in electrolyte and suppress the
dissolution of Mn ions. Fluorine is doped into vacant oxygen site. So fluorine doping had the effect of

|50

elevating the specific capacity and stabilizing the structure of the spinel >°. Accordingly, the cycle

performance especially at elevated temperature is improved. This coated LiMn,0O, showed a discharge

capacity of 120.1mAh ¢g™*. And it exhibited a discharge capacity retention of 94.0% at high

temperature at 60°C after 100cycles. From these results, this new coated spinel cathode material had

high capacity and excellent thermal stability.
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II. Experiment

2.1 Experimental method

Bare LijgsAlo0sMn1g504 Was synthesized via typical solid-state reaction. Stoichiometric

amounts of MnzO,, AI(NO3); and Li,CO; were dissolved in disstilled water and heated at 120°C until
dried, then it was mixed and annealed at 650°C for 5hr and 800°C for 17hr under oxygen atmosphere.

After calcination, it was thoroughly mixed and heated again at 750°C for 10hr under oxygen

atmosphere to reduce impurity phase.

To prepare the coated sample, Bare Liy o15Al00sMny 9250, Were coated with coating solution
consisting of Li(CH;COO0)2H,0, Mn(CH3;CO0),4H,0, Ni(CH3;COO0),4H,0 and NH4F dissolved in

distilled water by sol-gel method. The as-prepared BLMO was immerged into this solution with

stirring at 120°C for 90min until dried. The resulting powder was stored in oven at 110°C for 2hr.
This dried powders were heated at 750°C for 3hr under oxygen atmosphere. Final composition of this

coated sample after firing at 750°C is Liy o15Alp.06MnN1.92503.08F 0.0, @and coating amount was 2.25wt% of

the bare sample weight.

2.2 Electrochemical measurement

The cathode electrodes were consisted of 90 wt% prepared powders, 5wt% Super P carbon

black, and 5wt% polyvinylidene fluoride (PVDF) binder. The mixed slurry was coated on Al foil

and dried in oven at 120°C for 2hr. And then the electrode was pressed. The electrochemical test

were carried out using CR2032 coin-type cell, which contains a cathode electrode and a lithium metal
anode seperated by the porous polypropylen. These were assembled in a dry argon-filled glove box.
The electrolyte was 1.1 M LiPFg in mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC) in 1:1 volume ratio (PANAX ETEC Co. Ltd., Korea). The galvanostatic charge-discharge tests
were conducted in a voltage range of 4.3 to 3.0 V vs. Li/Li*. The active material loading density was 6
mg cm™. Before electrochemical tests, the cells were galvanostatically charged to 4.3 V at 0.1 C rate,
and maintained at 4.3 V until the current decreased to 0.005C rate, then discharged to 3.0 V vs Li/Li+.
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2.3 Instrumental analysis

Structural analysis: The crystalline phase of samples was analyzed by powder X-ray
diffractometer (XRD, D/MAX-2200V, Rigaku) using Cu Ka radiation. XRD patterns of cathode

electrodes which were fully discharged to 3V before and after cycling at 60°C, were analyzed to

observe the structural changes of samples after cycling at 60°C. XPS was measured using an Escalab

instrument (Escalab 250 xi, Thermo Scientific, England), The morphology of two samples was
examined by scanning electron microscopy (SEM, S-4800, HITACHI). Transmission electron
microscopy samples were prepared by focused ion beam (FIB, Quanta 3D FEG, FEI). The high
resolution-transmission electron microscopy (HR-TEM, JEM-2100F, JEOL) operating at 200 kV was

used for analyzing a microstructure with an atomic scale.

The electrochemical impedance spectroscopy (EIS, IVIUM) was carried out to check
impedance from 0.02 to 250 kHZ frequency. For the EIS analysis, the cells were charged to 4.3V at

0.1C rates. The obtained results were analyzed by using ZView software.
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III. Results and discussions
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Figure 15. X-ray diffraction patterns for BLMO (black) and FLMO(red).

Table 1. Characterization of BLMO and FLMO.

Sample Lattice parameter (A) FWHM (311)
BLMO 8.2363 0.1178
FLMO 8.2210 0.1106
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Figurel5 shows the XRD patterns of the bare spinel Lij g AlgosMny 9304 (denoted as BLMO)
and LiNiysMngs0, coated and fluorine doped spinel Liy g3 Alg0sMny.9303.98F0.02 (denoted as FLMO)
powders. All peaks of samples well exhibited a single phase of cubic spinel (Fd-3m) without any
impurities. The XRD patterns of FLMO were similar to that of BLMO. The layered phase (R —3m)
diffraction peaks were not observed in FLMO because small amount of coating material (2.25 wt%)
was contained and XRD patterns of layered phase were similar with spinel phase *’. Also fluorine-
substitution for oxygen does not change the basic structure of spinel. Table 1 displays the lattice
parameters and FWHM (full width at half maximum) of BLMO and FLMO. The lattice parameter of
the FLMO (8.2210A) was smaller than BLMO (8.2363A) because the some portion of coating

elements such as Li and Ni might diffuse into Mn sites in the host structure during heating at 750°C.

Therefore, the average oxidation state of Mn increases leading to reducing lattice parameter due to
smaller ionic radius of Mn** (0.53 A) than Mn®* (0.645 A). **. Also the ionic radius of O* ion (1.40 A)
is bigger than that of F ion (1.33 A). So, fluorine-substitution may lead to decreasing the lattice
parameter. However, this difference doesn’t have large effect on the lattice parameter because

variation of Mn oxidation state by fluorine-substitution was slight.

Figure 16 displays SEM images of two samples, BLMO and FLMO. The particle sizes of
BLMO and FLMO are approximately 10-15 pm and it has spherical morphologies. The morphology
of the BLMO is similar to that of FLMO. The surface of BLMO is covered with by-products such as
Li,CO5>%. While, the surface morphology of FLMO is more aggregated and clean than that of BLMO.
The energy dispersed X-ray (EDX) analysis is shown in figure 17. According to the EDX data, nickel

and fluorine elements were evenly dispersed..

Figure 18 shows X-ray photoelectron spectroscopy (XPS) spectra of BLMO and FLMO. In
case of BLMO, the oxidation state of Mn of surface is slightly different from that of core due to
disadvantage of solid-state reaction. As can be seen, the amount of Mn * of ELMO on the surface was
larger than that of BLMO.. This data demonstrates that the coating material (LiNigs 2+Mno,s‘”oz) was
well coated on the surface of FLMO. Due to the incomplete coverage and small amount of cation
doing during heat treatment, the surface oxidation state of Mn couldn’t react to ideal value +4. In
compared with the core of BLMO and FLMO, the average oxidation state of Mn of FLMO was less

than that of BLMO due to monovalent F ions replaced with divalent O ions in case of the FLMO.
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Figure 17. SEM images of FLMO and EDX mapping for Mn, Ni and Co.
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Figure 18. Mn 2p X-ray photoelectron spectroscopy (XPS) spectra of a) BLMO and b) FLMO.
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To investigate microstructures with an atomic scale, the analysis of the high-resolution
scanning transmission electron microscopy (STEM) was carried out. As shown in figure 19a, the
STEM images of the primary particle of FLMO are exhibited. The red square areas in figure 19a are
magnified on the left side. It is clearly observed that there are two different regions. The region A is
spinel structure and the region B is layered structure. Two regions are connected each other without
any defect. The coating material (LiMnysNips0,) was epitaxially grown on the surface of the host
spinel® *'. On the surface of FLMO, the layered structure was randomly observed. The spinel and
layered structures are described in figure 19b and c, respectively. The both structures have cubic close
packing (CCP) array of the oxygen ion. The difference can be observed by viewing the cubic [110]
direction which is same as hexagonal [221] viewing direction. The cubic spinel phase (Fd-3m) has
diamond-shape (region A), when viewing direction is [110]."%. There are two kinds of Mn columns.
Along the cubic [110] direction, the less bright Mn columns have twice less Mn density than that of
the brighter Mn columns. The region B corresponds to the layered phase (R—3m). The layered phase
(R—3m) is different with cubic spinel phase. On the contrary to the spinel structure, the atoms are
packed without empty site in the structure of the surface phase. It means the column consists of only
invisible atom such as Li(light atom) along the viewing direction([221]). All octahedral sites are filled
with Li or transition metal. Along the hexagonal [221] direction, the transition metal atoms have same
density. Therefore, along the viewing direction ([221]), all columns had same contrast and the atoms
are packed full in the structure of the layered surface phase.lt is difficult to find doped F element by
STEM image because the fluorine doped into the vacant 32e oxygen site is not easily searched
through this tool®® 3% 504 5% Therefore, , the EDX analysis was carried out to analyze doped F
element. Figure20a exhibits TEM image of cross-sectioned FLMO particle. As can be exhibited in

figure 20b, theamount of F gradually decreased from surface to core. .
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Figure 19. (a) STEM images of FLMO, (b) Structural scheme of the region A; Spinel structure
viewed along the cubic [110] direction (c) Structural scheme of the region B; Layered structure
viewed along the hexagonal [221] direction.
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Figure 20. (a) TEM images of FLMO (b) Distribution of F element (wt%) in five pointed areas in
the FLMO of figure (a).

27



P
o

&
o

Voltage (V)

©
B
—

——BLMO
—FLMO

&
N

20 40 60 80 100 120
Specific capacity (mAh/g)

o
(=)
o T

Figure 21. First charge/discharge profiles of the BLMO (black) and FLMO (red) at 0.1C rate in
lithium-ion half-cells (2032R-type) at 24C.

The voltage profiles of BLMO and FLMO during first charge and discharge cycle are shown
in figure 21. The coin type cells(2032R) were charged at 0.1C rate (1C=120mAg™) to 4.3V and
maintained at 4.3V until the current decreased to 0.005C rates, then discharged at 0.1C rate

(1C=120mAg™) to 3.0V at 24 °C. The discharge capacity of BLMO and FLMO were 125.4 and 120.1

mAhg™ and the coulombic efficiency of BLMO and FLMO were 97.7% and 98.9% respectively. The
discharge capacity of FLMO was lower than that of BLMO because small amount of coated elements
such as Li and Ni diffused into the host spinel *’. Also the capacity of FLMO from constant voltage
mode was much lower than that of BLMO. . The capacity from constant voltage mode is correlated

with the overpotential. It means the FLMO electrode has lower overpotential than BLMO electrode.
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Figure 22 exhibits discharge a) and charge rate b) capabilities of BLMO and FLMO at 0.5C,
1C, 3C, 5C, 7C, 10C rates during cycling in half cell. Either discharge or charge rate was fixed at
0.5 C rate at 24 °C. The discharge and charge voltage profiles of BLMO and FLMO at each C-rate
were shown in figure 23. The both charge and discharge rate capacity retention of FLMO was higher
than that of BLMO. For instance, the discharge capacity retention of FLMO was 85.6% (98.8mAhg™)
at 10C rate of its discharge capacity at 1C rate, whereas, that of BLMO was 74.7% (89.9mAhg™). The
charge capacity retention of FLMO was 70.7% (81.7mAhg™) at 10C rate of its discharge capacity at
1C rate, whereas, that of BLMO was only 58.3% (69.8mAhg™). Figure24 exhibits the discharge

voltage profiles of BLMO and FLMO with dicreasing temperature (25°C, 10°C, 0°C, -10°C, -20°C) at

0.1 C. The capacity retentionof FLMO was higher than that of BLMO. The BLMO and FLMO
retained 87% and 92% at -10 °C, 80% and 89% at -20 °C of its initial discharge capacity, respectively.
From these results, the FLMO showed improved kinetic properties because of epitaxial surface

coating layer and fluorine-substitution.
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Figure 22. Electrochemical characteristics of the BLMO(black) and FLMO(red) at 24C; (a)
discharge rate capability tested between 3.0V-4.3V at 0.5C charge rate and with an increasing
discharge C-rate to 10C. (b)charge rate capability tested between 3.0V-4.3V at 0.5C discharge rate
and with an increasing charge C-rate to 10C.

29




a) b)
4.2 4.2
4.0 4.0
2-3_3 2‘3.8 -
-] -]
o o
J36 Jae}
°  —ic o | —1c
>34L —ac >34 —3C
— s¢ | —sc
— | —7C
32 1% \ 32F — 1oe
I L 1 i 1 i L i L " ].I L 1
30— 20 a0 60 80 100 120 30520 20 60 80 100 120
Specific capacity (mAh/g) Specific capacity (mAh/g)
c) d)
4.2 4.2
_ 40 _ 40
- 2
03.8 - 03.8 -
o o
Sasf Ssef
‘,"?- —_1C ::o' —_—C
—_—1C —3C
3.4 I = 3.4 i ¥
—_T7C —T7C
3.2 ——10C 3.2 ——10C
30020 20 80 80 100 120 30520 20 80 80 100 120
Specific capacity (mAh/g) Specific capacity (mAh/g)
Figure 23. Initial discharge voltage profiles of the (a)BLMO and (b)FLMO materials at rates of 1,

3, 5, 7 and 10C, initial charge voltage profiles of the (c)BLMO and(d)FLMO materials at rates of
1,3,5,7and 10C.

a) b)
4.2
4.0 .
@ @
S 3.6 \ E’ I
% Tl —asc | 5 S p— .
>34 —0C | > g4 —0C \
| —o0°c —0%c -
_10°%c | ——-10°C |
3.2 P ‘ 3.2 i 20fe J
3052620 60 80 100 120 30, 2040 60 80 100 120
Specific capacity (mAh/g) Specific capacity (mAh/g)
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In order to find out the reasons why the FLMO had better rate capability and low temperature
performance than the BLMO, we carried out an electrochemical impedance spectroscopy (EIS) shown
in figure 25. Before EIS analysis, the cells were charged to 4.3V at 0.1C rates. Figure 25a shows the
equivalent circuit. The impedance pattern related to electronic resistance (Re), SEI resistance (Rsurface)s
charge transfer resistance (R.;) and Warburg impedance. Figure 25b exhibits the Nyquist plots of two
samples after 1° and fully charged. There is no distinguishable difference between two samples. This
means that epitaxially grown coating layers on the surface of spinel particles don’t act as interphase
resistance. We calculated the values of lithium diffusion coefficient by electrochemical impedance
spectroscopy (EIS) analysis in table 2 **. The lithium diffusion coefficient could be obtained from
Warburg impedance in low frequency region®. The diffusion coefficient of FLMO was higher than
that of BLMO. Lithium diffusion might be promoted due to the coated material on the surface and
dopant ion in the spinel material also, on the surface, the side reactions were decreased owing to the
stable surface of the FLMO. The surface phase of FLMO is epitaxially connected to the host material
without any defect, which provides the efficient path for lithium ion diffusion. Based on these results,

the rate capability is improved as the value of lithium diffusivity increased.
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Figure 25. (a) The proposed equivalent circuit used for analyzing the impedance patterns. Nyquist
plot for (b)) BLMO and FLMO in regard to after formation.

Table 2. The diffusivity of BLMO and FLMO.

Sample Diffusivity (10™cm?/s)
BLMO 3.78
FLMO 7.78
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The cycling performances at 60°C of the BLMO and FLMO are shown in figure 26. All
cells were charged at 0.5C rates and discharged at 1C rates from 3.0V to 4.3V at 60°C. The FLMO

exhibited better cycle retention of 94.0% than that of the BLMO (82.2%) after 100cycles at 60°C. The

FLMO also retained 90.0% and 86.1% of its initial discharge capacity at 60°C after 200 and

300cylces. The difference of retention between bare and coated electrode is lower compared to our
previous work ¥, because, in this study, we optimized bare spinel material.as exhibited in figure 27.

The discharge retention of stoichiometric LiMnyO4 LiggoMnyggOy4  LiygAlgosMng g0, and

Liy01Alg0sMny 630, (denoted as BLMO) was 55.5%, 71.1%, 79.0% and 82.2% after 100cycles at 60°C.

The cycling performances of the BLMO, FLMO and coated sample without F doping like previous

work at 60°C were displayed in figure 28. The capacity and cycle retention were increased slightly by
small amount of F doping *®. As shown in figure 29, less Mn was dissolved in case of FLMO. The

electrode disassembled after formation cycle and charged at 0.1C rate to 4.3V. These disassembled

electrodes are stored at 60°C for 2, 4 and 6 weeks. The amount of Mn dissolved in electrolyte is

analyzed by ICP analysis. As a result, the loss of active materials was greatly suppressed by the
surface coating and doping of fluorine. The coating phase on the surface of the FLMO can protect the
host spinel by preventing the host spinel from being directly exposed to electrolyte at elevated
temperature and fluorine-substitution for oxygen can suppress Mn dissolution due to strong Mn-F
bond than Mn-O bond®®. The electron affinity of F(328kJmol™) is greater than that of O(141kJmol™)
%2 Consequently the FLMO had improved cycling performances at elevated temperature and better
thermal stability. The long term storage performance is exhibited in figure 30. The discharge capacity
retention of BLMO and FLMO was 98.0% and 99.4% respectively. This obtained after 2 weeks stored

under 60°C, with cells in fully charged state of 4.3V. The discharge capacity loss of FLMO was only

0.6% after stored at 60°C for 2 weeks, while BLMO exhibited lower capacity retention than FLMO
because BLMO is unstable at elevated temperature due to manganese dissolution and oxygen

deficiency.

Figure 31 shows typical Nyquist plots of the BLMO and FLMO after formation, 50" and

100" cycles. The cells are cycled at 60°C and then tested at 25°C. It was very difficult to distinguish

each resistance values of the surface film (Rs) and charge-transfer resistance (R.). Therefore, we
compared the total impedance of the BLMO and FLMO. The total impedance of BLMO was

increased more than that of FLMO with increasing cycle numbers. Nyquist plots after every 50 cycles
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at 60°C are related closely to cycling performance at elevated temperature. It can be certain that
severe side reactions occurred on the surface of the BLMO, which leads to worse cycling performance.
Generally, the increase in total resistance of cells is due to increase of surface film (SEI) upon cycling
as well as structural instability>®. Formation of SEI layer is induced by Mn dissolution and it is
accelerated at elevated temperature. From these results, it is exhibited that the surface coating material
on the FLMO suppressed capacity fading at elevated temperature. And also fluorine doped into vacant

32e site increases the structure stability of the FLMO >*,
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Figure 26. Cycling performances of the BLMO(black) and FLMO(red) in lithium-ion half-
cells(2032R-type) at 60C.
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for 2 weeks in fully-charged state of 4.3V.

70 | After formation BLMO 70 | After formation FLMO
50cycles 50cycles
-60 - 100cycles -60 |- 100cycles
50 50 |
-40 . 40 +
N =30 + > 30
-20 20 +
-10 r -10
0 wll:.’:. L .-'.t"' |. P B 0 ;E.gp e et TR T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Z' Z'

Figure 31. Nyquist plot for (a) BLMO, and (b) FLMO with respect to cycle numbers: 1%, 50",
100" cycles.
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The Ex-situ XRD was performed to look into structure changes of BLMO and FLMO after
100 cycles and 200cycles at 60 C. Figure 32 exhibits the Ex-situ XRD patterns of BLMO and FLMO;
before, after 100cycles and after 200cycles at 60C. The lattice parameter and the volume of BLMO
and FLMO; before, after 100cycles and after 200cycles at 60°C were in table 3. The difference of the
lattice parameter of the FLMO during cycles was very slight while that of the BLMO changed. It is
reported that these phenomena are related to material loss such as manganese and oxygen during
cycling®. To evaluate structure changes, we got the difference in lattice parameter and FWHM(full
width at half maximum) indicating the degree of peak broadening based on 311 diffraction line in
figure 32. As shown in figure 33, FLMO exhibits less mismatch of the lattice parameter and FWHM

after cycling at 60°C, while significant mismatch of the lattice parameter and FWHM can be found

after cycling at 60 C. It means that the structure of the BLMO was defected and then its crystallinity
may be reduced. Figure 34 shows the SEM images of BLMO and FLMO after 100cycles at 60°C. The

particle of BLMO was cracked after cycling while that of FLMO had no defects. Severe side reaction
produced byproduct on the surface of BLMO. The coating layer and fluorine doped into the oxygen
vacant site protect host spinel against cracks on the particle. This phenomenon is associated with

epitaxially grown coating layer as well as oxygen vacancies on the spinel material *™.

Consequentially, the improved cycling retention of the FLMO at elevated temperature could
be correlated with the layered coating layer formed on the surface of the FLMO and fluorine doped in
the oxygen vacancy site of the FLMO. By acting as the protecting layer, the epitaxially grown coating
layer on the surface of the FLMO leads to excellent cycle retention and thermal stability. This coating
layer prevents the host spinel from being directly revealed to electrolyte and provides high oxidation
state of Mn ion. The replacing Mn-O bond with Mn-F bond could also affect the chemical stability of
the spinel. Fluorine substitution also leads to improving capacity retention and thermal stability
because the Mn-F bonds were stronger than Mn-O bonds due to more ionic Mn-F bonds.(the electron
affinity of F(328kJmol™) and O(141kJmol™)) It leads to suppression of Mn dissolution®®. Therefore

thermal stability and structural stability are improved.
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Figure 32. (a) Ex-situ XRD patterns of BLMO; before(black), after 100cycles(red), after
200cycles(blue) at 60C (b) Ex-situ XRD patterns of FLMO; before(black), after 100cycles(red),
after 200cycles(blue) at 60C.
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Table 3. The lattice parameter and the volume of the BLMO and FLMO.

Sample Lattice parameter (A) Volume (A%
Formation 8.2249 556.41
BLMO 100cycle 8.2170 554.80
200cycle 8.2084 553.06
Formation 8.2148 554.36
FLMO 100cycle 8.2138 554.17
200cycle 8.2133 554.06
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Figure 33. (a) Plot of difference in lattice parameter for samples after 100cycles(black) and 200
cycles(red) at 60C (b) Plot of difference in FWHM based on (311) diffraction line for samples
after 100cycles(black) and 200 cycles(red) at 60 C.
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Figure 34. The SEM images of BLMO a) and FLMO b), particles after 100cycles at 60°C. The
FIB-SEM images of the BLMO (c, €) and FLMO (d, f) after 100cycles at 60°C.
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IV. Conclusion

In summary, the hetero-structure LiMn,O, that has the thin layered phase formed on the
surface of the spinel bulk phase was synthesized. The coexistence of the layered structure (R3m) and
spinel structure (Fd3m) without forming any defect was confirmed via STEM analysis. And Mn-F
bonds in the host spinel as well as surface film are stronger than Mn-O bonds. It leads to suppression
of Mn dissolution. This newly developed material have high capacity and high stability at elevated
temperature of 60°C as well as improved the charge-discharge rate capability compared to those of the
BLMO.
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